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Abstract : 
but  in  its 
purposes . 
cumbersome 


Parts  of  Mathematical  Set  Theory  are  useful  in  computing  science, 
entirety  it  is  more  powerful  than  necessary  or  desirable  for  our 
The  notations  that  support  this  excess  power  are  often  too 
A  set  theory  is  proposed  that  is  of  appropriate  power  in  a 


convenient  notation. 
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Introduction 

Set  Theory  is  one  of  the  greatest  success  stories  of  Mathematics.  Quite 
naturally,  computing  science  has  adopted  it  for  some  purposes  where  it  seems 
useful.  Sets  appear  explicitly  in  some  programming  languages  (e.g.  SETL, 
Pascal),  and  very  commonly  in  reasoning  about  programs.  Sometimes  sets 
appear  disguised  in  other  notations.  For  example,  in  Pascal,  an  alternative 
of  a  case  statement  is  labeled  by  a  set  of  selector  values  (here,  set 
notation  would  perhaps  be  too  cumbersome) .  A  programming  language  is  a  set 
of  programs,  but  we  do  not  specify  a  language  in  set  notation;  instead  we 
use  a  grammar  in  the  form  of  rewriting  rules. 

Set  Theory  in  its  entirety  is  more  powerful  than  necessary  for 
computing  science.  For  example,  though  a  set  theorist  may  define  the  integer 
2  as  {0,(0}},  we  do  not  view  it  as  such.  We  treat  it  as  a  primitive;  we  do 
not  think  of  its  members,  nor  forming  a  union  or  intersection  of  2  with 
anything.  In  the  other  direction,  we  have  no  use  for  sets  of  uncountable 
cardinalities . 

We  can,  of  course,  use  only  those  parts  of  Set  Theory  that  are  useful 
to  us,  and  ignore  the  rest.  But  the  notation  of  Set  Theory,  designed  for 
power  that  we  don't  want,  is  sufficiently  cumbersome  that  we  have  tended 
instead  to  invent  many  special  notations  where  a  weaker  set  theory  would 
have  served  well.  These  dissatisfactions  lead  us  to  propose  a  set  theory 
that  has  the  right  power  for  computing  science,  and  that  is  notationally 
more  convenient  for  our  purposes  than  mathematical  Set  Theory. 

Bunch  Theory 


Corresponding  to  a  set,  such  as 
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(1,  3,  6} 

which  contains  the  three  integer  elements  1,  3,  and  6,  we  introduce  the 
bunch,  written  without  curly  braces,  i.e. 

1,3,6 

which  contains  the  same  three  integer  elements.  We  shall  give  bunch  axioms 
in  a  moment,  but  we  already  can  see  a  consequence  of  the  notation:  an 
element,  and  a  bunch  containing  only  that  element,  are  indistinguishable. 
More  generally,  a  bunch  built  from  other  bunches  does  not  retain  the 
structure,  as  does  a  set  whose  elements  are  sets.  This  corresponds  well  to 
Pascal,  in  which  sets  of  sets  are  illegal  (though  possibly  more  for 
implementation  than  for  programming  reasons) .  It  does  not  correspond  well 
to  the  definition  of  the  SETL  language  (sets  of  sets  are  legal) ,  but  it  does 
correspond  to  its  use.  In  graph  theory,  one  often  partitions  a  graph  into 
sets  of  nodes,  but  it  is  doubtful  whether  any  algorithm  requires  the 
ability  to  specify  sets  of  sets  of  nodes.  Examples  may  be  taken  from 
throughout  computing  science. 

We  now  give  a  formal  definition  of  bunch. 

(bunch  axioms) 

1.  (existence).  There  exists  at  most  a  countable  infinity  of  bunches 
that  are  considered  "elementary",  called  "elements". 

2.  (specification).  A  predicate  p  on  the  elements  specifies  the  bunch 
consisting  of  those  elements  for  which  the  predicate  is  true.  This 
bunch  is  denoted 

x  st_  p  Or) 

3.  (union).  If  a  and  b  are  bunches,  then 

a  3  b 

is  the  bunch  containing  the  elements  of  both  a  and  b. 
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There  are  no  other  bunches. 

For  comparison  with  Set  Theory,  we  list  set  axioms  (according  to  one 
axiomatization) . 

(set  axioms) 

1.  (existence).  There  exists  a  set. 

2.  (specification).  Given  a  set  a ,  a  predicate  p  on  the  elements  of  a 
specifies  the  set  consisting  of  those  elements  for  which  the 
predicate  is  true.  This  set  is  denoted 

[x  e  a  st_  p  (x) } 

3.  (union).  If  a  and  b  are  sets,  then 

a  u  b 

is  the  set  containing  the  elements  of  both  a  and  b. 

4.  (pairing).  If  a  and  b  are  sets,  then 

(a,  b} 

is  the  set  whose  elements  are  the  sets  a  and  b. 

5.  (power).  If  a  is  a  set,  then 

is  the  set  whose  elements  are  the  subsets  of  a. 

There  are  no  other  sets. 

In  Set  Theory,  we  can  construct  the  null  set  0  from  the  one  set  whose 
existence  is  postulated,  call  it  a,  as  follows: 

0  =  {x  e  z  st^  false } 

Though  we  did  not  know  the  elements  (nor  even  the  cardinality)  of  z,  we  do 
know  those  of  0,  and  from  it  we  construct  all  other  sets  whose  elements  are 
known.  The  game  in  Set  Theory  is  to  begin  with  almost  nothing  (not  even  the 
null  set),  and  build  sets  of  unlimited  cardinalities. 

As  stated  in  the  introduction,  our  game  is  different.  We  may  begin, 
for  example,  with  the  boolean  values  true  and  false ,  or  with  the  rational 
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numbers,  or  with  the  character  strings,  or  with  a  mixture  of  values  of 
different  types.  From  this  beginning  we  can  construct  the  null  bunch 

null  =  x  s_t  false 

and  the  universal  bunch 

universe  =  x  st_  true 

and  bunches  that  are  "in  between". 

In  Set  Theory,  postulating  the  universal  set  is  inconsistent,  leading 
to  paradoxes.  In  Bunch  Theory,  it  causes  no  problems,  and  for  this  reason 
our  specification  axiom  is  simpler.  In  a  sense,  we  begin  by  choosing  our 
universe . 

Names  and  Operations 

As  in  Set  Theory,  we  introduce  the  relations  e  (element  of)  ,  c_  (sub¬ 
bunch  of),  and  =  (equal  to).  When  the  left  operand  is  an  element,  the 
relations  e  and  <=_  coincide.  For  equality,  the  order  and  multiplicity  of 
elements  is  irrelevant;  the  theory  of  ordered  multibunches  (analogous  to 
ordered  multisets,  i.e.  sequences)  will  not  be  pursued  in  this  paper. 

To  give  a  name  to  a  bunch,  we  shall  write  the  name,  followed  by  a 
colon,  followed  by  the  bunch.  For  example, 

a:  1,3,6 

means  that  wherever  a  occurs,  it  stands  for  1,3,6.  With  this, 

b:  6  ,  a  ,  4 

is  equivalent  to 

b :  6  ,  1  ,  3  ,  6  ,  4 

which,  in  turn,  is  equivalent  to 


b:  1  ,  3  ,  4  ,  6 
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Note:  By  this  notation,  we  mean  what  would  be  written  more 

typically  in  the  style  of  mathematics  texts  as  "let  a  =  1,3,6". 

We  shall  assume  that  free  substitution  of  value  for  name  can  be 
made,  avoiding  the  problem  of  clashing  with  bound  variable 
names  by  choosing  all  names  to  be  distinct. 

If  °  is  a  binary  operation  on  the  elements  of  our  universe,  define 
X°Y  for  bunches  X  and  Y  as 

X° Y  =  z  st_  z=x° y  and  xeX  and  yeY 

For  example, 

(1,2)  +  (10,20)  =  11,12,21,22 
(1,2)  +  10  =  11,12 
1+1=2 

Parentheses  are  needed  in  the  first  two  examples  because  "+"  has  higher 
precedence  than  In  the  last  example,  the  ambiguity  as  to  whether  we 

are  adding  bunches  or  integers  is  no  more  bothersome  than  the  ambiguity  as 
to  whether  we  are  adding  integers  or  rationals . 

The  following  defines  a  bunch  containing  the  natural  numbers. 

natno :  0  ,  natno+1 

By  this  definition,  the  name  natno  stands  for  "0  ,  natno+1 "  wherever  it 
occurs,  including  in  the  definition  itself.  The  bunch  contains  (all  and 
only)  the  elements  seen  by  repeatedly  substituting  "0  ,  natno+1"  for  natno 
in  the  definition.  Provably,  natno  is  the  smallest  bunch  satisfying  the 
equation 

X  =  0  3  X+l 

i.e.  the  least  fixed  point  of 


Y 


0  ,  X+l 
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Primarily  for  the  similarity  to  the  next  paragraph,  we  give  one  more 
example  of  an  operation  on  bunches  that  is  a  natural  extension  of  (or  reduces 
properly  to)  the  "same"  operation  on  numbers.  For  any  bunch  of  numbers  X, 
let 

X°  =1 

xn+1  =  ^*x 

Then  P  =  X.  and  for  larger  n,  Jn  =  •  ■  •  *X  (n-fold  multiplication)  as  expected. 

Consider  now  the  universe  of  character  strings.  Let  A  denote  the  null 
string,  and  if  s  and  t  are  strings,  let  st  denote  the  concatenation  of  s 
and  t.  For  any  bunch  of  strings  S,  let 

5°  =  A 

sn+1  =  sns 

Also,  let 

S?  =  A  ,  S 
S*  =  A  ,  S  :S 

S+  =  S  3  S+S 

Then 

?  n  1 

s  =  s°  ,  s 

*  n  i  2 

5  =  S°  ,  S  }  S  3  ... 

+  12  3 

s  =  s 3  s 3  s  3  ... 

Applications 

A.  Within  a  Programming  Language. 

We  now  suggest  a  few  of  the  possible  uses  of  bunch  within  an  ALGOL-like 
programming  language. 


In  addition  to  the  notations  of  the  specification  and  union  axioms,  it 
seems  useful  to  introduce  the  notation  i  to_  j ,  for  suitable  integer  expressions 
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i  and  j,  to  mean  the  bunch  k  st_  i<k< j,  that  is,  i,  i+ 1,  J- 1,  J.  Now, 

perhaps  with  limitations,  bunches  are  useful  in  iteration  control,  as  case 
statement  labels,  as  nameable  and  assignable  values,  as  type  specifications, 
and  possibly  in  other  ways. 

A  constant  definition,  such  as 

pi:  3 . 14 

becomes  just  a  special  case  of  the  naming  notation  introduced  in  the  previous 
section.  One  may  wish  to  prohibit  recursion,  or  to  include  it  by  taking  the 
"lazy  evaluation"  approach  to  implementation.  A  definition  such  as 

indices:  1  to_  4 

serves  the  purposes  that  in  Pascal  require  the  two  distinct  but  similar 
notations 


and 


const  indexset  =  {1,2, 3, 4} 


type  indextype  =  1 . . 4 

With  our  definition,  we  may  declare  variable  i  so  that  it  may  be  assigned  any 
element  of  the  bunch  indices  thus: 

i : e  indices 

Following  this  declaration,  the  assignment 

i\=  2 

is  legal.  Also  with  this  definition  of  indices ,  we  may  declare 

s:<=_  indices 

so  that  variable  s  may  be  assigned  any  subbunch  of  indices.  Then 

s:=  null 
s:=  1,3 

s indices 


are  all  legal. 
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By  failing  to  distinguish  a  type  from  a  value,  i.e.,  by  using  bunch 
notation  for  both  purposes,  we  lose  none  of  the  benefits  of  so-called 
"strong- typ ing" ,  and  we  gain  the  following  important  benefit:  where  we 
want  to  pass  a  type  as  a  parameter,  we  can  do  so  without  inventing  "generic" 
procedures  or  inventing  the  second-class  type  "type".  One  may  wish  to  make 
the  restriction  that  only  certain  bunches,  e.g.  manifestly  contiguous 
bunches,  are  allowable  in  certain  contexts,  e.g.  to  the  right  of  :e  and  : c_. 
This  restriction  is  in  a  redundant  part  of  the  language,  so  the  ability  to 
detect  errors  is  restricted  but  the  ability  to  express  the  computation  is  not. 


A  programming  language  that  is  not  in  the  ALGOL  mould  can  be  designed 
by  taking  the  bunch  as  its  central  notion.  The  state  of  the  computation  is 
a  bunch;  the  computation  proceeds  by  operations  on  this  bunch.  The  initial 
state  is  either  the  null  or  the  universal  bunch;  the  final  state  is  "the 
answer" . 


B.  As  a  Language  Description. 


A  language  can  be  described  as  a  bunch  program  of  strings,  using 
definitions  such  as  the  following: 


*  * 

program :  declaration  statement 

declaration :  identifier  e  ' ,  ’  )  expression  ' ; ’ 

statement:  variable  ':  =  '  expression  ';'  , 

*  *  ? 

'if'  expression  'then'  statement  (else  statement  ) 


'  fi 


» 


expression :  constant  , 
variable  , 

expression  )  expression  , 

identifier  'st'  expression  , 
expression  ' ,  '  expression  , 


expression  'to'  expression 
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This  is  obviously  a  fragment  of  a  grammar  in  a  notation  that  is  not  novel. 
It  is  increasingly  common  to  put  quotes  on  terminals  (rather  than  angle 
brackets  on  nonterminals) ,  so  that  terminals  can  be  distinguished  from 
metasymbols  and  so  that  blank  spaces  can  be  described  (if  desired) .  It  is 
also  common  to  include  a  notation  for  "zero  or  more  of"  (usually  curly 
brackets  rather  than  "*") ,  and  optional  (usually  square  brackets  rather 
than  "?").  There  are,  however,  differences  between  our  approach  and  the 
usual  grammatical  approach.  To  show  the  differences,  we  must  first  outline 
the  usual  grammatical  approach. 

A  context-free  grammar  (CFG)  is  defined  as 

(a)  a  set  V of  terminals,  plus 

(b)  a  set  V of  nonterminals,  including 

(c)  a  distinguished  nonterminal  s  £  V  plus 

(d)  a  set  of  rewriting  rules. 

* 

For  set  V,  let  V  be  the  "Kleene  star"  of  V,  i.e.  the  set  of  all  finite 

k 

concatenations  (strings)  of  elements  of  V  (for  bunch  V,  V  is  exactly 
analogous)  .  Then  each  rewriting  rule  is  of  the  form  <4->a  where 

/V 

A  e  and  a  e  (V^dV^)  .  The  notation 

A-hx~  I  a0  I  •  •  •  la 
1  1  2  1  1  n 

is  introduced  as  a  shorthand  for  the  n  rules 

A- HXj 
A+as 

A-hx 

n 

The  rewriting  rules  induce  a  relation  between  strings  as  follows.  If  A-> a 

■k  * 

is  a  rule,  then  3Ay-^3ay  for  any  $  ,ye  (V^uV^)  .  Let  ->  denote  the  reflexive 
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transitive  closure  of  Then  a  is  a  program  if  S  ->  a  and  aeV^,  . 

Using  the  rewriting  rule  A-+a,  we  can  rewrite  the  string  &Ay  as  Bay.  This 
is  similar  to  the  mathematical  practice  of  substituting  for  variable  x  in 
formula  f(x)  a  formula  e  to  obtain  f(e) ,  which  is  called  an  instance  of  f(x) . 
Indeed  nonterminals  are  often  called  "syntactic  variables"  (and  terminals 
"syntactic  constants"),  and  Bay  an  "instance"  of  B^y.  But  in  the  CFG  formal¬ 
ism,  contrary  to  mathematical  practice,  the  substitution  is  not  systematic. 

For  example,  in  the  string  expression  '+'  expression ,  we  do  not  necessarily 
substitute  the  same  string  for  the  two  occurrences  of  expression . 

Mathematical  practice  requires  that  the  same  new  formula  e  be  substituted  for 
all  original  occurrences  of  variable  x  in  f. 

In  bunch  notation,  the  definitions  for  program,  expression,  etc.,  mean 
that  these  names  stand  for  the  entire  expression  to  the  right  of  the  colon. 
Whereas  in  the  CFG  formalism,  a  substitution  (rewriting)  is  a  (non-systematic) 
instantiation,  which  may  lose  information,  here  it  is  merely  a  replacement  of 
a  name  by  its  definition,  losing  no  information.  Rather  than  invent  a  special 
concept  (rewriting  rules) ,  we  rely  on  the  standard  mathematical  practice  that 
allows  us,  with  definitions 
oiroum:  2 *pi*r 
pi:  3.14 

to  write  oiroum  =  2*3.14 *r.  By  systematic  substitution  and  simplification, 
all  elements  of  program  are  constructed  (perhaps  the  names  programs _,  expressions 3 
etc.,  would  be  more  appropriate). 

In  the  CFG  formalism,  a  nonterminal  is  an  elementary  symbol.  We  must 
repeatedly  rewrite  a  string  to  eliminate  nonterminals,  and  therefore  the 

•k 

(reflexive)  transitive  closure  ->  is  defined.  In  bunch  notations,  a  name,  such 
as  program  or  expression 3  is  not  an  elementary  symbol.  We  cannot  form,  nor  is 
there  a  need  to  form,  a  bunch  corresponding  to  the  set  V^. 


The  relation  that 
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& 

corresponds  to  is  simply  the  subbunch  relation  _c.  For  example,  with  the 
definition 

A:  a-  ,  a„,  •  .  .  ,  a 

12  n 

we  have,  for  each  i, 

a .  c  A 
^  — 

and,  for  any  bunches  g  and  y, 

got  .y  c_  gAy 

precisely  because  we  do  not  treat  the  symbol  A  differently  from  what  it  stands 
for. 

To  extend  the  CFG  formalism  to  allow  the  right  side  of  a  rewriting  rule 
to  be  a  regular  expression,  we  must  introduce  a  ,  where  a  is  a  regular 
expression,  and  metaparentheses,  and  extend  the  meaning  of  rewriting  rules. 
This  new  *  is  annoyingly  similar  to,  but  not  identical  to,  the  Kleene  star 
(a  is  a  regular  expression  whereas  V  is  a  set) .  The  entire  exercise  is  more 
complicated  than  necessary.  Bunch  theory  uses  fewer  definitions  to  accomplish 
the  same  purpose,  and  very  few  that  are  specific  to  this  purpose.  No 
contribution  to  parsing  theory  is  claimed  here.  We  have  merely  restated  the 
parsing  problem  as  the  design  of  a  bunch  membership  algorithm. 

Conclusion 

As  research  in  computing  science  proceeds,  we  make  new  definitions, 
invent  new  notations,  and  coin  new  terms  at  a  dizzying  speed.  The  research 
can  hardly  be  said  to  proceed  in  a  straight  line,  from  first  principles  to  a 
desired  end.  Rarely  does  one  piece  of  research  extend  directly  from  another; 
usually  it  projects  from  the  middle  of  the  previous  research  at  an  angle. 

Only  parts  of  the  previous  research  remain  useful.  At  the  same  time,  at 
another  place,  others  invent  other  rats’  nests  of  definitions,  notations,  and 
terms  that  span  the  same  space.  And  all  of  these  remain  in  use  even  though 
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they  overlap  and  are  only  partly  appropriate  for  our  current  state. 

From  time  to  time  it  is  worthwhile  to  draw  the  straight  line  from  first 
principles  to  present  location.  Of  course,  any  new  line  may  be  viewed  as  a 
contribution  to  the  mess,  and  some  people  may  be  disappointed  that  this  paper 
(in  some  sense)  does  not  cover  any  new  ground.  That  is  not  its  intention. 

We  hope  that  the  simplicity  (beauty) ,  and  generality  (usefulness)  of  our 
definitions  and  notations  will  make  them  a  welcome  replacement  for  a  large 
number  of  others. 
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CSRG-5  DIAL  -  A  PROGRAMMING  SYSTEM  FOR  INTERACTIVE  ALGEBRAIC  MANIPULATION 
Alan  C.M.  Brown  and  J.J.  Horning,  March  1971 

CSRG-6  ON  DEADLOCK  IN  COMPUTER  SYSTEMS 
Richard  C.  Holt,  April  1971 
[Ph.D.  Thesis,  Dept,  of  Computer  Science, 

Cornell  University,  1971] 

CSRG-7  THE  STAR-RING  SYSTEM  OF  LOOSELY  COUPLED  DIGITAL  DEVICES 
John  Neill  Thomas  Potvin,  August  1971 
[M.A.Sc.  Thesis,  EE  1971] 

*  CSRG-B  FILE  ORGANIZATION  AND  STRUCTURE 

G.M.  Stacey,  August  1971 

CSRG-9  DESIGN  STUDY  FOR  A  TWO-DIMENSIONAL  COMPUTER-ASSISTED 
ANIMATION  SYSTEM 
Kenneth  B.  Evans,  January  1972 
[M.Sc.  Thesis,  DCS,  1972] 

*  CSRG- 10  HOW  A  PROGRAMMING  LANGUAGE  IS  USED 

William  Gregg  Alexander,  February  1972 

[M.Sc.  Thesis,  DCS  1971;  Computer,  v.8,  n.ll,  November  1975] 

*  CSRG- 11  PROJECT  SUE  STATUS  REPORT 

J.W.  Atwood  (ed.),  April  1972 


4-  Abbreviations: 

DCS  -  Department  of  Computer  Science,  University  of  Toronto 

EE  -  Department  of  Electrical  Engineering,  University  of 

Toronto 
*  -  Out  of  print 
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*  CSRG-12  THREE  DIMENSIONAL  DATA  DISPLAY  WITH  HIDDEN  LINE  REMOVAL 

Rupert  Bramall,  April  1972 
[M.Sc.  Thesis,  DCS.  1971] 

*  CSRG-13  A  SYNTAX  DIRECTED  ERROR  RECOVERY  METHOD 

Lewis  R.  James,  May  1972 
[M.Sc.  Thesis,  DCS,  1972] 

CSRG-14  THE  USE  OF  SERVICE  TIME  DISTRIBUTIONS  IN  SCHEDULING 
Kenneth  C.  Sevcik,  May  1972 

[Ph.D.  Thesis,  Committee  on  Information  Sciences, 

University  of  Chicago,  1971;  JACM,  January  1974] 

CSRG-15  PROCESS  STRUCTURING 

J. J.  Horning  and  B.  Randell,  June  1972 
[ACM  Computing  Surveys,  March  1972] 

CSRG-16  OPTIMAL  PROCESSOR  SCHEDULING  WHEN  SERVICE  TIMES  ARE 

HYPEREXPONENTIALLY  DISTRIBUTED  AND  PREEMPTION  OVERHEAD 
IS  NOT  NEGLIGIBLE 
Kenneth  C.  Sevcik,  June  1972 

[Proceddings  of  the  Symposium  on  Computer-Communication, 
Networks  and  Teletraffic,  Polytechnic  Institute  of  Brooklyn,  1972] 

*  CSRG-17  PROGRAMMING  LANGUAGE  TRANSLATION  TECHNIQUES 

W.M.  McKeeman,  July  1972 

CSRG-18  A  COMPARATIVE  ANALYSIS  OF  SEVERAL  DISK  SCHEDULING  ALGORITHMS 
C.J.M.  Turnbull,  September  1972 

CSRG-19  PROJECT  SUE  AS  A  LEARNING  EXPERIENCE 

K. C.  Sevcik  et  a l,  September  1972 
[Proceedings  AFIPS  Fall  Joint  Computer  Conference, 
v.  41,  December  1972] 

*  CSRG-20  A  STUDY  OF  LANGUAGE  DIRECTED  COMPUTER  DESIGN 

David  B.  Wortman,  December  1972 

[Ph.D.  Thesis,  Computer  Science  Department, 

Stanford  University,  1972] 

CSRG-21  AN  APL  TERMINAL  APPROACH  TO  COMPUTER  MAPPING 
R.  Kvaternik,  December  1972 
[M.Sc.  Thesis,  DCS,  1972] 

*  CSRG-22  AN  IMPLEMENTATION  LANGUAGE  FOR  MINICOMPUTERS 

G.  G.  Kalmar,  January  1973 
[M.Sc.  Thesis,  DCS.  1972] 

CSRG-23  COMPILER  STRUCTURE 

W.M.  McKeeman,  January  1973 

[Proceedings  of  the  USA-Japan  Computer  Conference.  1972] 


CSRG-24  AN  ANNOTATED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM 
ENGINEERING 

J.D.  Gannon  (ed.),  March  1973 

CSRG-25  THE  INVESTIGATION  OF  SERVICE  TIME  DISTRIBUTIONS 
Eleanor  A.  Lester,  April  1973 
[M.Sc.  Thesis,  DCS,  1973] 

CSRG-26  PSYCHOLOGICAL  COMPLEXITY  OF  COMPUTER  PROGRAMS: 

AN  INITIAL  EXPERIMENT 
Larry  Weissman,  August  1973 

CSRG-27  STRUCTURED  SUBSETS  OF  THE  PL/I  LANGUAGE 

Richard  C.  Holt  and  David  B.  Wortman,  October  1973 

CSRG-28  ON  REDUCED  MATRIX  REPRESENTATION  OF  LR(k) 

PARSER  TABLES 

Marc  Louis  Joliat,  October  1973 

[Ph.D.  Thesis,  EE  1973] 

CSRG-29  A  STUDENT  PROJECT  FOR  AN  OPERATING  SYSTEMS  COURSE 
B.  Czarnik  and  D.  Tsichritzis  (eds.).  November  1973 

CSRG-30  A  PSEUDO-MACHINE  FOR  CODE  GENERATION 
Henry  John  Pasko,  December  1973 
[M.Sc.  Thesis,  DCS  1973] 

CSRG-31  AN  ANNOTAED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM  ENGINEERING 
J.D.  Gannon  (ed.),  Second  Edition,  March  1974 

CSRG-32  SCHEDULING  MULTIPLE  RESOURCE  COMPUTER  SYSTEMS 

E. D.  Lazowska,  May  1974 
[M.Sc.  Thesis,  DCS,  1974] 

CSRG-33  AN  EDUCATIONAL  DATA  BASE  MANAGEMENT  SYSTEM 

F.  Lochovsky  and  D.  Tsichritzis,  May  1974 
[INFOR,  to  appear] 

CSRG-34  ALLOCATING  STORAGE  IN  HIERARCHICAL  DATA  BASES 
P.  Bernstein  and  D.  Tsichritzis,  May  1974 
[Information  Systems  Journal,  v.  1,  pp.  133-140] 

CSRG-35  ON  IMPLEMENTATION  OF  RELATIONS 
D.  Tsichritzis,  May  1974 

CSRG-36  SIX  PL/I  COMPILERS 

D.B.  Wortman,  P.J.  Khaiat,  and  D.M.  Lasker,  August  1974 
[Software  Practice  and  Experience,  v.6,  n.3r 
July-Sept.  1976] 

CSRG-37  A  METHODOLOGY  FOR  STUDYING  THE  PSYCHOLOGICAL  COMPLEXITY 
OF  COMPUTER  PROGRAMS 
Laurence  M.  Weissman,  August  1974 
[P.Hd.  Thesis,  DCS,  1974] 


CSRG-38  AN  INVESTIGATION  OF  A  NEW  METHOD  OF  CONSTRUCTING  SOFTWARE 
David  M.  Lasker,  September  1974 
[M.Sc.  Thesis,  DCS,  1974] 

CSRG-39  AN  ALGEBRAIC  MODEL  FOR  STRING  PATTERNS 
Glenn  F.  Stewart,  September  1974 
[M.Sc.  Thesis,  DCS,  1974] 

CSRG-40  EDUCATIONAL  DATA  BASE  SYSTEM  USER'S  MANUAL 
J.  Klebanoff,  F.  Lochovsky,  A.  Rozitis,  and 

D.  Tsichritzis,  September  1974 

CSRG-41  NOTES  FROM  A  WORKSHOP  ON  THE  ATTAINMENT  OF 
RELIABLE  SOFTWARE 
David  B.  Wortman  (ed.),  September  1974 

CSRG-42  THE  PROJECT  SUE  SYSTEM  LANGUAGE  REFERENCE  MANUAL 
B.L.  Clark  and  F.J.B.  Ham,  September  1974 

CSRG-43  A  DATA  BASE  PROCESSOR 

E. A.  Ozkarahan,  S.A.  Schuster  and  K.C.  Smith, 

November  1974  [Proceedings  National  Computer 
Conference  1975,  v.44,  pp. 379-388] 

CSRG-44  MATCHING  PROGRAM  AND  DATA  REPRESENTATION  TO  A 
COMPUTING  ENVIRONMENT 
Eric  C.R.  Hehner,  Novemver  1974 
[Ph.D.  Thesis,  DCS,  1974] 

CSRG-45  THREE  APPROACHES  TO  RELIABLE  SOFTWARE;  LANGUAGE  DESIGN, 
DYADIC  SPECIFICATIONS.  COMPLEMENTARY  SEMANTICS 
J.E.  Donahue,  J.D.  Gannon,  J.V.  Guttag  and 
J.J.  Horning,  December  1974 

CSRG-46  THE  SYNTHESIS  OF  OPTIMAL  DECISION  TREES  FROM 
DECISION  TABLES 

Helmut  Schumacher,  December  1974 
[M.Sc.  Thesis,  DCS,  1974] 

CSRG-47  LANGUAGE  DESIGN  TO  ENHANCE  PROGRAMMING  RELIABILITY 
John  D.  Gannon,  January  1975 
[P.Hd.  Thesis,  DCS,  1975] 

CSRG-48  DETERMINISTIC  LEFT  TO  RIGHT  PARSING 
Christopher  J.M.  Turnbull,  January  1975 
[Ph.D.  Thesis,  EE,  1974] 

CSRG-49  A  NETWORK  FRAMEWORK  FOR  RELATIONAL  IMPLEMENTATION 
D.  Tsichritzis,  February  1975  [in  Data  Base  Description, 

Dongue  and  Nijssen  (eds.),  North  Holland  Publishing  Co.] 
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*  CSRG-50  A  UNIFIED  APPROACH  TO  FUNCTIONAL  DEPENDENCIES 

AND  RELATIONS 

P.A.  Bernstein,  J.R.  Swenson  and  D.C.  Tsichritzis 
February  1975  [Proceedings  of  the  ACM  SIGMOD 
Conference,  1975] 

*  CSRG-51  ZETA:  A  PROTOTYPE  RELATIONAL  DATA  BASE  MANAGEMENT  SYSTEM 

M.  Brodie  (ed).  February  1975  [Proceedings  Pacific  ACM 
Conference,  1975] 

CSRG-52  AUTOMATIC  GENERATION  OF  SYNTAX-REPAIRING  AND 
PARAGRAPHING  PARSERS 
David  T.  Barnard,  March  1975 
[M.Sc.  Thesis,  DCS,  1975] 

*  CSRG-53  QUERY  EXECUTION  AND  INDEX  SELECTION  FOR  RELATIONAL 

DATA  BASES 

J.H.  Gilles  Farley  and  Stewart  A.  Schuster,  March  1975 

CSRG-54  AN  ANNOTATED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM 
ENGINEERING 

J.V.  Guttag  (ed.),  Third  Edition,  April  1975 

CSRG-55  STRUCTURED  SUBSETS  OF  THE  PL/1  LANGUAGE 

Richard  C.  Holt  and  David  B.  Wortman,  May  1975 

*  CSRG-56  FEATURES  OF  A  CONCEPTUAL  SCHEMA 

D.  Tsichritzis,  June  1975  [Proceedings  Very  Large 
Data  Base  Conference,  1975] 

*  CSRG-57  MERLIN:  TOWARDS  AN  IDEAL  PROGRAMMING  LANGUAGE 

Eric  C.R.  Hehner,  July  1975 

CSRG-58  ON  THE  SEMANTICS  OF  THE  RELATIONAL  DATA  MODEL 
Hans  Albrecht  Schmid  and  J.  Richard  Swenson, 

July  1975  [Proceedings  of  the  ACM  SIGMOD  Conference,  1975] 

*  CSRG-59  THE  SPECIFICATION  AND  APPLICATION  TO  PROGRAMMING 

OF  ABSTRACT  DATA  TYPES 
John  V.  Guttag,  September  1975 
[Ph.D.  Thesis,  DCS,  1975] 

*  CSRG-60  NORMALIZATION  AND  FUNCTIONAL  DEPENDENCIES  IN  THE 

RELATIONAL  DATA  BASE  MODEL 
Phillip  Alan  Bernstein,  October  1975 
[Ph.D.  Thesis,  DCS,  1975] 

*  CSRG-61  LSL:  A  LINK  AND  SELECTION  LANGUAGE 

D.  Tsichritzis,  November  1975  [Proceedings  ACM 
SIGMOD  Conference,  1976] 


CSRG-62  COMPLEMENTARY  DEFINITIONS  OF  PROGRAMMING  LANGUAGE 
SEMANTICS 

James  E.  Donahue,  November  1975 
[Ph.D.  Thesis,  DCS,  1975] 

CSRG-63  AN  EXPERIMENTAL  EVALUATION  OF  CHESS  PLAYING  HEURISTICS 
Lazio  Sugar,  December  1975 
[M.Sc.  Thesis,  DCS,  1975] 

CSRG-64  A  VIRTUAL  MEMORY  SYSTEM  FOR  A  RELATIONAL  ASSOCIATIVE 
PROCESSOR 

S.A.  Schuster,  E.A.  Ozkarahan,  and  K.C.  Smith, 

February  1976  [Proceedings  National  Computer 
Conference  1976,  v.45,  pp. 855-862] 

CSRG-65  PERFORMANCE  EVALUATION  OF  A  RELATIONAL  ASSOCIATIVE 
PROCESSOR 

E.A.  Ozkarahan,  S.A.  Schuster,  and  K.C.  Sevcik, 

February  1976  [ACM  TRansactions  on  Database 
Systems,  v.  1,  n:4,  December  1976] 

CSRG-66  EDITING  COMPUTER  ANIMATED  FILM 
Michael  D.  Tilson,  February  1976 
[M.Sc.  Thesis,  DCS,  1975]  ' 

CSRG-67  A  DIAGRAMMATIC  APPROACH  TO  PROGRAMMING  LANGUAGE 
SEMANTICS 

James  R.  Cordy,  March  1976 
[M.Sc.  Thesis,  DCS,  1976] 

CSRG-68  A  SYNTHETIC  ENGLISH  QUERY  LANGUAGE  FOR  A  RELATIONAL 
ASSOCIATIVE  PROCESSOR 

L.  Kerschberg,  E.A.  Ozkarahan,  and  J.E.S.  Pacheco, 

April  1976 

CSRG-69  AN  ANNOTATED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM 
ENGINEERING 

D.  Barnard  and  D.  Thompson  (eds.),  Fourth  Edition, 

May  1976 

CSRG-70  A  TAXONOMY  OF  DATA  MODELS 

L.  Kerschberg,  A.  Klug,  and  D.Tsichritzis,  May  1976 
[Proceedings  Very  Large  Data  Base  Conference,  1976] 

CSRG-71  OPTIMIZATION  FEATURES  FOR  THE  ARCHITECTURE  OF  A 
DATA  BASE  MACHINE 

E. A.  Ozkarahan  and  K.C.  Sevcik,  May  1976 

CSRG-72  THE  RELATIONAL  DATA  BASE  SYSTEM  OMEGA  -  PROGRESS  REPORT 
H.A.  Schmid  (ed.),  P.A.  Bernstein  (ed.),  B.  Arlow, 

R.  Baker  and  S.  Pozgaj,  July  1976 
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CSRG-73  AN  ALGORITHMIC  APPROACH  TO  NORMALIZATION  OF 
RELATIONAL  DATA  BASE  SCHEMAS 
P.A.  Bernstein  and  C.  Beeri,  September  1976 

*  CSRG-74  A  HIGH-LEVEL  MACHINE- ORIENTED  ASSEMBLER  LANGUAGE 
FOR  A  DATA  BASE  MACHINE 

E.A.  Ozkarahan  and  S.A.  Schuster,  October  1976 

CSRG-75  DO  CONSIDERED  OD:  A  CONTRIBUTION  TO  THE  PROGRAMMING 
CALCULUS 

Eric  C.R.  Hehner,  November  1976 

CSRG-76  SOFTWARE  HUT:  A  COMPUTER  PROGRAM  ENGINEERING 
PROJECT  IN  THE  FORM  OF  A  GAME 
J.J.  Horning  and  D.B.  Wortman,  November  1976 

CSRG-77  A  SHORT  STUDY  OF  PROGRAM  AND  MEMORY  POLICY  BEHAVIOUR 
G.  Scott  Graham,  January  1977 

CSRG-7B  A  PANACHE  OF  DBMS  IDEAS 

D.  Tsichritzis,  February  1977 

CSRG-79  THE  DESIGN  AND  IMPLEMENTATION  OF  AN  ADVANCED  LALR 
PARSE  TABLE  CONSTRUCTOR 
David  H.  Thompson,  April  1977 
[M.Sc.  Thesis,  DCS,  1976] 

CSRG-80  AN  ANNOTATED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM 
ENGINEERING 

D.  Barnard  (ed.),  Fifth  Edition,  May  1977 

CSRG-81  PROGRAMMING  METHODOLOGY:  AN  ANNOTATED  BIBLIOGRAPHY 
FOR  IFIP  WORKING  GROUP  2.3 

Sol  J.  Greenspan  and  J.J.  Horning  (eds.),  First  Edition,  May  1977 
CSRG-82  NOTES  ON  EUCLID 

edited  by  W.  David  Elliot  and  David  T.  Barnard,  August  1977 

CSRG-93  TOPICS  IN  QUEUEING  NETWORK  MODELING 
edited  by  G.  Scott  Graham,  July  1977 

CSRG-84  TOWARD  PROGRAM  ILLUSTRATION 

Edward  Yarwood,  September  1977 
[M.Sc.  Thesis,  DCS,  1974] 

i 

CSRG-85  CHARACTERIZING  SERVICE  TIME  AND  RESPONSE  TIME 

DISTRIBUTIONS  IN  QUEUEING  NETWORK  MODELS  OF  COMPUTER 
SYSTEMS 

Edward  D.  Lazowska,  September  1977 
[Ph.D.  Thesis,  DCS,  1977] 
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CSRG-86  MEASUREMENTS  OF  COMPUTER  SYSTEMS  FOR  QUEUEING 
NETWORK  MODELS 
Martin  G.  Kienzle,  October  1977 
[M.Sc.  Thesis.  DCS.  1977] 

CSRG-87  •OLGA1  LANGUAGE  REFERENCE  MANUAL 

B.  Abourbih,  H.  Trickey,  D.M.  Lewis,  E.S.  Lee, 

P.I.P.  Boulton,  November  1977 

CSRG-88  USING  A  GRAMMATICAL  FORMALISM  AS  A  PROGRAMMING  LANGUAGE 
Brad  A.  Silverberg,  January  1978 
[M.Sc.  Thesis,  DCS,  1978] 

CSRG-89  ON  THE  IMPLEMENTATION  OF  RELATIONS:  A  KEY  TO  EFFICIENCY 
Joachim  W.  Schmidt,  January  1978 

CSRG-90  DATA  BASE  MANAGEMENT  SYSTEM  USER  PERFORMANCE 
Frederick  H.  Loehovsky,  April  1978 
[Ph.D.  Thesis,  DCS,  1978] 

CSRG-91  SPECIFICATION  AND  VERIFICATION  OF  DATA  BASE 
SEMANTIC  INTEGRITY 
Michael  Lawrence  Brodie,  April  1978 
[Ph.D.  Thesis,  DCS,  1978] 

CSRG-92  STRUCTURED  SOUND  SYNTHESIS  PROJECT  (SSSP): 

AN  INTRODUCTION 

by  William  Buxton,  Guy  Fedorkow,  with  Ronald  Baecker, 

Gustav  Ciamaga,  Leslie  Mezei  and  K.C.  Smith,  June  1978 

CSRG-93  A  DEVICE-INDEPENDENT, GENERAL-PURPOSE  GRAPHICS  SYSTEM 
IN  A  MINICOMPUTER  TIME-SHARING  ENVIRONMENT 
William  T.  Reeves,  August  1978 
[M.Sc.  Thesis,  DCS,  1976] 

CSRG-94  ON  THE  AXIOMATIC  VERIFICATION  OF 
CONCURRENT  ALGORITHMS 
Christian  Lengauer,  August  1978 
[M.Sc.  Thesis,  DCS,  1978] 

CSRG-95  PISA:  A  PROGRAMMING  SYSTEM  FOR  INTERACTIVE 
PRODUCTION  OF  APPLICATION  SOFTWARE 
Rudolf  Marty,  August  1978 

CSRG-96  ADAPTIVE  MICROPROGRAMMING  AND  PROCESSOR  MODELING 
Waiter  G.  Rosocha 
[Ph.D.  Thesis,  EE,  August  1978] 

CSRG-97  DESIGN  ISSUES  IN  THE  FOUNDATION  OF  A  COMPUTER-BASED 
TOOL  FOR  MUSIC  COMPOSITION 
William  Buxton 

[M.Sc.  Thesis,  CSRG,  October  1978] 
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CSRG-98  THEORY  OF  DATABASE  MAPPINGS 
Anthony  C.  Klug 

[Ph.D.  Thesis,  DCS,  December  1978] 

CSRG-99  HIERARCHICAL  COROUTINES:  A  MECHANISM  FOR  IMPROVED 
PROGRAM  STRUCTURE 
Leonard  I.  Vanek,  February  1979 

CSRG-100  TOPICS  IN  PERFORMANCE  EVALUATION 
G.  Scott  Graham  (ed.)  to  be  published 

CSRG-101  A  PANACHE  OF  DBMS  IDEAS  II 

F.H.  Lochovsky  (ed.),  May  1979 

CSRG-102  A  SIMPLE  SET  THEORY  FOR  COMPUTING  SCIENCE 
Eric  C.R.  Hehner,  May  1979 


